Aims To compare supine nighttime intraocular pressure measurements with Perkins applanation tonometry to 24-h sitting intraocular pressures with Goldmann applanation tonometry. Methods A prospective, untreated, uncontrolled, observational cohort of qualified consecutive ocular hypertensive or primary open-angle glaucoma patients. Patients underwent sitting intraocular pressure measurements over 24-h by Goldmann and patients had their supine nighttime intraocular pressure measurements by Perkins. Results In 100 completed patients, the mean intraocular pressure at 1000, 2200, 0200 and 0600 hours while sitting was 22.5 ± 3.7 mm Hg, and in the supine position, 23.5 ± 4.3 mm Hg (Po0.001). The mean sitting Goldmann intraocular pressures across the three daytime points was 23.3±3.4 mm Hg and across three nighttime points was 21.5±4.0 mm Hg (Po0.001). In contrast, the mean daytime sitting Goldmann intraocular pressure was not different than the mean nighttime supine intraocular pressure evaluated with Perkins (22.8±4.4 mm Hg, P ¼ 0.07). However, only 70% of patients were within 1.0 mm Hg of the highest daytime reading for all nighttime supine and sitting intraocular pressures. Conclusion This study suggests that with Perkins applanation tonometry the untreated mean supine intraocular pressures are not higher at night than daytime sitting Goldmann applanation tonometry. However, the highest daytime sitting intraocular pressure measurement does not consistently predict the highest nighttime sitting or supine intraocular pressure value.
Introduction
Historically, it has been thought that the intraocular pressure generally is higher during the daytime than in the nighttime and this was believed to be due to the lower aqueous production at night. [1] [2] [3] Most published 24-h pressure studies have evaluated sitting intraocular pressures with Goldmann applanation tonometry soon after awakening and support that intraocular pressure is generally higher in the daytime compared with nighttime. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] However, most of these 24-h studies, although not all, had been performed in elderly patients treated with anti-glaucomatous medicine.
In contrast, some data have shown higher pressures in untreated patients at night compared with daytime values. 1 The reason for these differences is not known precisely. However, this difference may be due to the measurement technique used by these investigators, which consisted of pneumotonometry while patients were sleeping in a supine position. 19 Consequently, controversy still exists whether intraocular pressure is higher in the daytime or nighttime and what is the best method to measure nighttime intraocular pressures. Unfortunately, little prior data are available that describe using the Goldmann technique in the supine position (eg Perkins applanation tonometry) during nighttimes hours. 20 The primary objective of this multi-centre study was to use Perkins tonometry to measure nighttime supine intraocular pressures and to compare these values to day and nighttime sitting intraocular pressures measured by Goldmann tonometry.
Materials and methods

Patients
The study design was a prospective, untreated, uncontrolled, observational cohort, which lasted 16 months. There were five clinical sites with considerable experience in performing 24-h pressure monitoring collaborating for this study. The necessary Ethics Committee approval was obtained. The study population consisted of patients at least 18 years of age with either ocular hypertension or primary open-angle glaucoma. Ocular hypertension was defined as a pressure X22 mm Hg without signs of glaucomatous optic disc or visual field damage. In contrast, primary open-angle glaucoma was defined generally as those patients with open, normal appearing anterior chamber angles per gonioscopy and with typical glaucomatous optic atrophy (neural rim thinning, notching, saucerization, or nerve fibre layer disc haemorrhage) and typical glaucomatous visual field damage (arcuate, Seidel's or paracentral scotoma or nasal step). 21, 22 We excluded from this study patients who showed abnormalities preventing reliable applanation tonometry in the study eye, any opacity or patient uncooperativeness that restricts adequate examination of the ocular fundus or anterior chamber in either eye, any concurrent infectious/noninfectious conjunctivitis, keratitis, or uveitis in either eye, any ocular infection or inflammation within 1 month of Visit 1, any clinically significant, serious, or severe medical (including psychiatric) condition, participation (or current participation) in any investigational drug or device trial within the earlier 30 days before the screening visit, earlier intraocular laser or intraocular surgical procedures, inability to understand the trial procedures, and thus inability to give informed consent, and any progressive retinal or optic nerve disease apart from glaucoma and occludable angles as determined by indentation gonioscopy.
Procedures
Qualified patients, after signing an informed consent document, underwent a screening examination at Visit 1, including Snellen visual acuity, slit lamp biomicroscopy, and Goldmann tonometry. Patients that were treated then underwent an appropriate washout period of their current ocular hypotensive medication(s) and were scheduled to return for Visit 2. This included 6 weeks for both prostaglandin analogues and b-blockers.
23-25
At Visit 2, patients with pressures of X22 mm Hg at 1000 hours in at least one eye underwent a 24-h pressure curve evaluation. This included pressure measurements at 1000 hours by Goldmann tonometry in a sitting position and immediately followed by Perkins tonometry in a supine position. Pressure measures with the Perkins were limited primarily to nighttime, as the primary purpose of this study was to compare nighttime supine pressures with daytime and nighttime sitting pressures. Nighttime is when patients generally are in a recumbent position. The calibration had been checked within 6 months. We chose Perkins tonometry because it uses the same applanation method as Goldmann tonometry and the two techniques have been well correlated in the past, although several studies have shown small mean differences between the two tonometers. [26] [27] [28] [29] [30] We performed Perkins tonometry at 1000 hours to correlate the daytime measure with the Goldmann, which was used to measure the pressure in the sitting position. The models of tonometers used for the study were HaagStreit (Bern, Switzerland), Clement Clarke MK2 (Harlow, England), and Kowa HA2 (Kowa, Japan).
Concomitant administrations of cardiac or antihypertensive medications were recorded, and Snellen visual acuity was measured. Corneal thickness measurements were not measured prospectively, but were collected historically, if available. After these baseline data were collected, further daytime sitting pressures were recorded by Goldmann tonometry at 1400 and 1800 hours.
Sleep times were left to the individual subject. Nighttime pressures were evaluated at an in-patient unit. At 2200 hours patients underwent Perkins tonometry in a supine position. Patients then were taken to a nearby slit lamp in which Goldmann tonometry was performed. At 0200 and 0600 hours patients were awakened from sleep and Perkins tonometry in a supine position was performed immediately. Again, patients were taken as soon as possible to a nearby slit lamp with which Goldmann tonometry was measured. Every effort was made to measure sitting and supine pressures in the study at the same time point within 5 min of each other. At each site and time point, the same person measured both the sitting and supine pressures. The use of Perkins and Goldmann tonometry was not masked in this study. After the 24-h pressure measurements, and barring any unresolved adverse events, patients were discontinued from the study.
Statistics
A per protocol, average eye (mean of the group), and twoway analysis were used. A P-value of 0.05 was used to declare statistical significance between groups. A sample of 100 subjects, assuming a standard deviation of 3.0 mm Hg in the change of pressures between groups, provided a power of 80% to exclude 0.9 mm Hg difference between groups.
11,31,32 Both eyes were included in the study. A one-way ANOVA test, using a matched pairs platform, was used to describe mean differences between sitting and supine pressures and daytime and nighttime pressures over multiple time points and at each individual time point. 33 Because of the multiple measures at individual time points, a modified Bonferroni correction was used to adjust the P-value to declare significance (a/2). A one-way ANOVA test was used also to describe mean differences between groupings of time points to describe differences in sitting daytime and nighttime pressures. 33 The number of patients who had evening sitting or supine pressures above their peak daytime pressure and adverse events were described and not evaluated statistically.
Results
Patient characteristics and safety
In total, 100 patients completed this 24-h study. Included in the study were 94 Caucasians, one Hispanic, one African American, and four of unknown race. In addition, 51 were male and 49 female, and the average age was 57.3 ± 23.6 years. Further, 65 patients had ocular hypertension and 35 were diagnosed with primary open-angle glaucoma. At Visit 1, 27 patients were being treated with prostaglandins (n ¼ 10), b-blockers (n ¼ 12), a-agonists (n ¼ 1), or adjunctive therapy (n ¼ 4), whereas 73 were untreated. There were no early discontinuations or adverse events during this study.
Intraocular pressureFsitting vs supine
The intraocular pressure results are shown in Table 1 and Figure 1 . The mean intraocular pressures at 1000, 2200, 0200, and 0600 hours while sitting was 22.2 ± 3.8 mm Hg, and in the supine position, 23.5 ± 4.3 mm Hg (Po0.006). Further, the pressure was significantly different between sitting and supine groups at three individual time points (1000, 2200, and 0200 hours, Pp0.006), but not at 06:00 h (P ¼ 0.3). Glaucoma patients had a mean change of 22.7±3.5 to 23.6±4.0 mm Hg from sitting to a supine position, whereas ocular hypertensives had a mean change of 22.5 ± 3.6 to 23.4 ± 4.4 mm Hg from sitting to a supine position (P ¼ 0.07), which was not significantly different between groups.
Intraocular pressureFdaytime vs nighttime
The mean sitting Goldmann intraocular pressure across three daytime time points (1000, 1400, and 1800 hours) was 23.6 ± 3.4 mm Hg and across three nighttime time points (2200, 0200, and 0600 hours) was 21.5 ± 4.0 mm Hg (Po0.001). Table 2 shows that the great majority of patients had their peak sitting pressure in the daytime and their trough sitting pressure most often at night. In contrast, the mean daytime Goldmann pressures were Eye not statistically different than nighttime supine Perkins pressures (22.8 ± 4.4 mm Hg, P ¼ 0.07). Table 3 shows how well the highest daytime pressure predicts nighttime sitting or supine measurements at various pressure levels. The table indicates that B70% of patients, for both their right and left eye, were within 1.0 mm Hg of the highest sitting daytime reading for nighttime pressures. Further, the table indicates that B75% of patients were within 1.0 mm Hg of the highest daytime sitting or a single supine reading for nighttime pressures (P40.40).
Discussion
Prior studies have shown that patients in the supine position may have higher intraocular pressures than in the sitting position of between 0.4 to 3.6 mm Hg. 21 The intraocular pressure in the supine position may have its most clinical relevance at night when the patient is either recumbent and awake or supine and asleep. Knowledge of a patient's nighttime supine pressures may have importance in several ways: first, in assessing the adequacy of a patient's intraocular pressure control, and second, in explaining why some patients may have progressive glaucomatous optic neuropathy despite apparently well-controlled daytime pressures.
A problem exists, however, that the gold standard for measuring intraocular pressure, Goldmann tonometry, requires the patient to be in a sitting position. Controversy exists, then, regarding the best measure for the intraocular pressure in the supine position. Both commercially available Perkins tonometer and pneumotonometer have been described for this purpose. Perkins tonometry has the advantage of using the basic Goldmann technology. 20 The Perkins tonometer is placed on a spring-loaded mechanism in a portable hand unit to allow its use for patients in a supine position. Earlier research has shown that daytime sitting and supine Perkins tonometry measurements are close to that of Goldmann tonometry. 26 To date little prior data have evaluated together the 24-h intraocular pressure using Goldmann tonometry in the sitting position compared with nighttime Perkins tonometry in the supine position. Thus, this investigation has concentrated on using Perkins tonometry to measure nighttime supine intraocular pressures and comparing these values to daytime and nighttime sitting Goldmann intraocular pressure values on a large cohort of patients.
This study showed that the mean sitting intraocular pressure recorded at 1000, 2200, 0200, and 0600 hours was significantly lower (22.2 mm Hg) than that measured in the supine position (23.5 mm Hg). Further, with regard to specific time points, the pressure was significantly higher in the supine than sitting position at three individual time points (1000, 2200, and 0200 hours) (Pp0.006), but not at 0600 hours (P ¼ 0.3). These data help to consolidate earlier evidence that, at the same time 
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point, supine pressure measurements are generally higher than sitting pressures in patients with glaucoma or ocular hypertension. 19 The additional elevation of pressure in the supine position may be due to increased episcleral venous pressure in the supine position, which might further inhibit conventional outflow facility vs a sitting position. 26 However, the mean pressure elevation in the supine position recorded in our study was less than observed in a number of prior papers. 19, 34, 35 When we evaluated our results for differences between day and nighttime sitting pressures, we found that the intraocular pressure across three daytime points (1000, 1400, and 1800 hours) was greater (23.6 mm Hg) compared with the pressure measured across the three nighttime points (2200, 0200, and 0600 hours) (21.5 mm Hg). Further, the majority of patients showed their sitting peak pressure in the daytime and their trough pressure at night. These data help confirm prior studies that have indicated that untreated sitting intraocular pressure values are generally lower in the night. 4, 36 According to this study, even nighttime supine measurements, with their accompanying higher pressures compared with sitting pressures at the same time point, did not elevate the mean pressure statistically above daytime levels. However, only 70% of patients showed a peak sitting daytime pressure that was within 1.0 mm Hg of the highest nighttime sitting or supine measurement. Even including the data from one daytime supine measurement failed to further help daytime pressures predict peak nighttime supine or sitting pressures.
A number of prior studies have indicated the importance of only a 1.0 mm Hg change in pressure long term in the progression rate of open-angle glaucoma. [37] [38] [39] [40] These data are important because they imply that physicians potentially may be missing elevated intraocular pressures, at least in untreated patients, by routinely measuring only sitting, or even a single supine measurement, in the daytime. Importantly, it remains unclear how glaucoma treatment might alter the 24-h pressure characteristics and the association of sitting daytime to either supine or sitting nighttime pressures. Nonetheless, Jonas and co-workers 41 have found earlier that the peak pressure often occurs outside normal office hours. Therefore, the practical significance of these findings is that for patients who suffer glaucomatous progression with seemingly well-controlled intraocular pressure, a physician may consider checking nighttime sitting and supine pressures to further evaluate the adequacy of the pressure control.
It is worthwhile to consider that the most exact way to measure the intraocular pressure, either in a sitting or supine position, still remains unclear. Ideally, the most precise way to measure pressure would be from an intraocular manometric device, which is currently impractical, and as yet unproven, for routine clinical use. 42 At least for sitting pressure measurements, Goldmann tonometry, although imperfect, remains the gold standard for clinical intraocular pressure measurements. 22 This 24-h study suggests that with Perkins applanation tonometry, the untreated mean supine intraocular pressures are not higher at night than in the daytime than with sitting Goldmann applanation tonometry. However, the highest daytime sitting intraocular pressure measurement does not consistently predict the highest nighttime sitting or supine intraocular pressure value.
This study did not evaluate supine vs sitting pressures in patients treated with various anti-glaucoma medications. It remains unknown whether some glaucoma medicines are more effective in minimizing the elevation of pressures in the supine position. Further, pressure changes may have occurred between sitting and supine positions from the use of similar, albeit different, tonometers and even from the short delay between measurements. Future research is needed to clarify, which topical medications might be better for patients in the supine position. More recently, research efforts are concentrated on developing better ways to continuously measure the intraocular pressure day and night as well as to better determine which time points during the daytime might better predict nighttime sitting and supine pressure. In addition, sitting and supine pressure should be compared ideally with even better techniques than Goldmann application tonometry.
